Among the ferromagnetic binary alloys, body centered cubic (bcc) Fe-Co is the one showing the highest magnetization. It is known experimentally that ordered Fe-Co structures show a larger magnetization than the random solid solutions with the same Co content. In this work, based on density functional theory (DFT) studies, we aim at a quantitative prediction of this feature, and point out the role of the orbital magnetic moments. Then, we introduce a DFT-based analytical model correlating local magnetic moments and chemical compositions for Co concentrations ranging from 0 to 70 at.%. It is also extended to predict the global magnetization of both ordered and disordered structures at given concentration and chemical short range orders. The latter model is particularly useful for interpreting experimental data. Based on these models, we note that the local magnetic moment of a Fe atom is mainly dictated by the Co concentration in its first two neighbor shells. The detailed local arrangement of the Co atoms has a minor effect. These simple models can fully reproduce the difference in magnetization between the ordered and disordered FeCo alloys between 30% and 70% Co, in good agreement with experimental data. Finally, we show that a similar model can be established for another bcc binary Fe alloy, the Fe-Ni, also presenting ferromagnetic interactions between atoms.
applications in the magneto-resistive random access memory devices. [6] [7] [8] [9] The neutron diffraction scattering measurements conducted by Collins and Bardos examined more carefully the role of ordering and disordering for Co concentrations ranging from 5% to 70%. 10 The disordered samples were obtained by quenching alloys from high temperatures while the ordered ones were collected by cooling slowly the samples. The measurements revealed that the magnetization of the ordered structures is overall larger than that of the disordered ones. And the difference is most significant around 50 at.% Co. That work, 10 also pointed out that the magnetization of disordered systems reaches a maximum at about 30 at.% Co.
Besides these experimental observations, various theoretical studies have been carried out to investigate thermodynamic and magnetic properties of Fe-Co alloys. 1, 6, [11] [12] [13] [14] [15] [16] [17] [18] [19] For instance, all calculations reported negative mixing enthalpies in Fe-Co systems at all concentrations, indicating a strong ordering tendency. 11, 15, 17 Indeed, the presence and high stability of the B2 phase is well known both experimentally and theoretically. The enhancement of the magnetic moment of Fe atoms in the presence of Co solutes was well interpreted by examining the electronic behavior by means of DFT calculations, 20 and via a band filling model within the tight binding scheme. 1, 12, 21 The maximum peak in the magnetization was obtained by previous calculations. 12, 15, 20 However, the difference in magnetization between the ordered and disordered structures is not fully Finally, conclusions are given in Sec. IV.
II. Methods

A. Short-range order parameters of ordered and disordered alloys
In DFT simulations, due to the limited size of supercells considered and the application of periodic boundary conditions, we can only mimic the random solid solutions by quasi-disordered structures, or more precisely the special quasi-random (SQS) structures, with a minimum short-range order.
In order to better characterize ordered and quasi-disordered structures, a concept of the chemical short-range order (SRO) are utilized. First, the local arrangement of atoms can be determined by a set of local parameters at each lattice site, which is expressed, for an alloy composed of two species A and B, by the Warren-Cowley formula:
 is the parameter calculated for the n-th neighboring shell of a B atom, i n AB Z  is the number of A atoms in the n-th neighbor shell of the B atom.
n Z is the total number of atoms in the n-th shell. In bcc structures,  over all the B atoms:
In Fig. 1 , structures with various SROs are sketched. For the B2 structure, each Fe (resp. Co) atom is surrounded by 8 and 0 Co (resp. Fe) neighbor atoms in the first and second shells, respectively.
It has, therefore, a SRO parameter equal to -1 for the first shell and 1 for the second shell, denoted
The number of the nearest neighbor shells of interest can be determined from an evaluation of the relevance of each shell to some most important properties of the alloys, for instance the pairwise binding energies. The binding energy of a A-A pair in the B-atom system is determined as follows:
The binding energies of Co-Co (resp. Fe-Fe) pairs in a bcc Fe (resp. Co) lattice were calculated via DFT up to the 4 th neighbor shell and shown in Fig. 2 . Only the first two shells are noted as relevant, since the energy magnitudes beyond are smaller than 0.01 eV, and considered as negligible.
The SRO parameters of the cI16-Fe7Co in Fig. 1(b) and the D03-Fe3Co in Fig. 1 
B. Details of DFT simulations
The first principles calculations were carried out within the Kohn-Sham density functional theory 24, 25 with plane-wave basic sets and projector augmented wave (PAW) potentials as implemented in the Vienna Ab-initio Simulation Package (VASP). [26] [27] [28] [29] The calculations were done with the GGA-PBE functional which is widely used in solid state studies, in particular for Fealloys. 30 Spin polarization within the collinear approximation was chosen. In all calculations, energies were converged with the criterion of 10 -6 eV in electronic self-consistent loops, and studied structures were fully relaxed until the forces on atoms are less than 0.01 eV/ Å and stresses on the cells are less than 5 kbar. To have a good convergence of energetic, magnetic and structural properties, the plane-wave energy cut-off is chosen equal to 400 eV. The Methfessel-Paxton smearing function with a width of 0.1 eV was used. The Brillouin zones were sampled by the Monkhorst-Pack method 31 with a k-mesh of 16×16×16 for the simple cubic unit cell or equivalent for a supercell: for example, a k-mesh grid of 4×4×4 was used for a supercell of 4×4×4 containing 128 atoms. In this study, all the quasi-random (SQS) and the partially ordered structures of Fe-Co and Fe-Ni are represented by the 128-atom supercells, while the unit cells used for the ordered phases are case dependent.
III. Results and discussions
A. Magnetization of ordered and disordered Fe-Co structures
Experimental data of the mean magnetic moment in disordered and ordered Fe-Co structures were obtained by Bardos in 1969 . 10 The results show that the magnetization of quenched (disordered) structures increases with the increase of Co content with the maximum of 2.45 B  around 30 at.% Co. On the other hand, the value obtained in ordered structure is almost identical to that of the disordered structures below 30 at.% Co, but the former is significantly higher than the latter in the range of Co concentration from 30% to 70%.
It is worth mentioning that in this paper, the atomic percentage is used to denote the composition of an alloy and thus, for the sake of simplicity, the prefix "at." is not explicitly written hereafter.
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To reproduce the results of the disordered systems, we adopt the special quasi-random structures (SQS) which are good representations of a set of random alloys. [32] [33] [34] Fig. 3 .
First, we notice a qualitative agreement between DFT and experiments on the composition dependence of the magnetization. But, a clear quantitative discrepancy is present, as can be seen in Fig. 3(a) . Some factors may contribute to such disagreement. For instance, experimentally, the magnetic moments at 0 K were not measured directly but extrapolated from values obtained at 295 K. Details of the experimental set-up and the extrapolation are described in Refs.10 and 36. Also, the magnetic moment obtained from experiments is actually the sum of the spin and orbital moments, while in our DFT calculations, only the spin moment contributions were computed. For
Fe-Co bulk systems, it was demonstrated that the spin magnetic moment is the main part of the total magnetization, and the orbital magnetic moment plays a minor role with a contribution of about 4% in pure Fe and 8% in pure Co. 37 In principle, the orbital moments can be determined from DFT by systematically including the spin-orbit coupling in calculations for all the alloy concentrations. But it is too CPU demanding. Alternatively, the orbital moments can be estimated from the spin moment (or the total moment) in the Kittel 
Thus, by knowing the splitting factor g, we can separate the contributions from spin and orbital moments to the total magnetic moment. In practice, g can be determined via the factor g′, which can be measured in magnetomachanical experiments, via the following equation 
In the work of Mayer 40 , g′ was experimentally determined to be 1 
in this equation M is the total magnetic moment. The effective g factor is plotted as an inset in Fig. 3(b), where the black curves are the spin magnetic moment estimated from the experimental data by using Eqs. (5) and (7). It can now be seen that the DFT results are in better agreement with the experimental ones, particularly on the right side of the peak. In spite of the remaining discrepancy, with an estimation of the orbital moment, our DFT results are closer to the experimental data compared to the outcome from previous calculations by Díaz-Ortiz et al., 15 and show clearly that ordered structures with a relatively high Co concentration exhibit a higher moment than disordered ones. Although the peak in the DFT curve of the disordered structures is observed at about 23% Co, smaller than 27% in the experiment, both show a maximum magnetic moment of around M = 2.34 B  . In addition, we want to point out that, the enhancement of the magnetization of the ordered structure compared to that of the disordered ones is very well reproduced by our DFT data as shown in Fig. 3 To further analyze the magnetization, we separate the contribution of individual Fe and Co atoms.
The average moment of each species is shown in Fig. 4 . In both ordered and disordered structures, the magnetic moment of Co just varies slightly with the change of Co content. This result is consistent with experimental observations. 3 On the other hand, the moment of Fe is strongly affected by the presence of Co solutes. In the SQSs, the average moment of Fe atoms increases rapidly from around 2.2 B  to 2.5 B  in the range from 0 to 20% Co, then it varies slowly up to a saturated value of 2.6 B  and remains almost constant above 50% Co. In the ordered structures, the magnetic moment of Fe increases with Co concentration and reaches a maximum at 50% Co before decreasing. The position of this maximum is consistent with the fact that the ordered 50%
Co structure, i.e. the stoichiometric B2 phase, is the most stable phase of Fe-Co alloys at low temperatures and possesses the highest magnetization.
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B. Electronic structures of Fe and Co components
To better understand the magnetic behavior in Fig. 4 , we investigate the electronic properties in
Fe-Co structures and compare them to those in pure Fe and Co ones. For the pure bcc Co, the bands and the DOS look quite similar to those of pure bcc Fe by just shifting down the whole band structure with respect to the Femi level. As a result, the DOS in pure
Co are also similar to that in pure Fe. The DOS of Co atoms in the Fe-Co B2 structure change only slightly compared to the one in pure Co. Therefore, the magnetic moments of Co atoms remain almost the same.
It is also worth noting that the local DOS of Fe and Co in the B2 structure are almost the same as can be seen from the inset in the DOS panel in Fig. 5(b) . We can thus conclude that Fe atoms in the B2 structure reach their magnetically saturated state due to the interaction with Co atoms.  peak. This is consistent with the data given in Fig. 4 , and the fact that Co is magnetically saturated, showing a fully occupied majority spin band (Fig. 5b) .
C. Dependence of magnetization on local chemical environment
To understand the strong variation of the Fe moments, particularly in the SQS structures, we analyze the magnetic moment of each Fe atom in all the configurations with respect to the number of Co neighbors in the nearest and next-nearest shells. All the data are depicted in Fig. 7(a) .
The atoms with the same color have the same number of Co neighbor atoms N1 in the first shell.
The projections along N1 and N2 are also shown in (Fig. 7(c) ) and needs to be considered. It is also worth noting that the filling effect of the second shell depends on the occupancy of Co at the first shell. When Co atoms occupy 50% of the first-shell sites, the Fe moment is less sensitive to N2. However, if there is no Co atom in the first shell (black points in Fig. 7 ), the filling of Co at the second shell significantly enhances the moment on the center Fe atom. Finally, when the first shell is fully occupied by Co atoms (violet points), the additional filling of Co atoms at the second shell tends to slightly decrease the Fe magnetic moment.
To verify if distinct arrangements of the same number of Co neighbors could significantly affect the Fe moment we examined three different configurations with the same number of Co atoms (3 Co atoms) but located at different positions at the first shell of a Fe atom. These three configurations and the local DOS of the central Fe atom are shown in Fig. 8 . As can be noticed, the local DOS and the magnetic moment of the Fe atom are almost identical for the three cases, suggesting that this effect is negligible.
D. Simple analytical models to predict magnetism in Fe-Co alloys
An atomic model for Fe local magnetic moments
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The above analysis reveals that the magnetic moment of a Fe atom depends strongly on the local environment characterized by the number of Co neighbor atoms. Although the first shell is the dominant one to be considered, the impact of the second shell is also relevant. Therefore, to capture the variation of Fe moments, we introduce an analytical expression that containing both N1, N2 as follows:
The introduction of high-order terms in N1 and N2 in Eq. (8) could be useful to describe the curved behavior around 25% Co and the moment saturation around 50% as shown in Fig. 4 As can be observed from Table I, 2  3  2  0  1  1  2  1  3  1  1  2  2  2   3  2  2  3  2  1  2  1  1  2  2  1 2
On the other hand, the coefficient  of each Fe atom from Eq. (1) 
here it has already taken 1 Table II ).
( 
This equation is plotted as the solid black line in Fig. 9 (b) which proves the validity of the model.
The results for ordered structures predicted using the SRO-based model are compared with those from the atomic model and the DFT calculations in Table II .
We note that the second order models (both atomic and SRO-based) already reproduce well the DFT results of the structures given in Table II and S1. However, this can be problematic for the disordered structures. Indeed, as can be seen from Eq. (14) , the second order model leads to a parabolic variation of the average magnetic moment of Fe, and thus fails to capture the magnetic saturation above 50% Co as predicted by DFT in Fig. 4 .
To further check the merit of Eqs. (10) and (13) In both Tables II and S1 , the data reveal that the average magnetic moment of Fe calculated by Eqs. (10) and (13) is slightly better than that using Eq. (8) in many cases.
Explaining the difference in magnetization between ordered and disordered structures
The enhanced magnetization in ordered structures compared to SQSs can be understood more precisely by looking at the average number of Co neighbor atoms around a Fe atom in these structures.
For SQSs, the SRO of each shell is close to zero, whereas the ordered B2-like systems favor the 
with positive numbers  and  as close as possible to zero. From Eq. (13) 
Thus the ordered structures tend to have more Co atoms in the 1 st shell of each Fe atom than that in SQSs, and the situation is reversed in the 2 nd shell. However, the impact of the 1 st shell is twice as strong as that of the second shell as indicated by the fitting parameters, therefore, the average Fe moment in ordered structures is overall larger than in SQSs.
In practice, we can always obtain a random structure (SQS) at any concentration with 0   ( < 10 -2 ). However, if searching for B2-like ordered structures,  can be very close to zero only for the structures with a concentration close to 50% Co, then this value becomes larger, even reaching 1 when the ordered structure has a concentration far away from 50%. The variation of  indicates that the difference of the number of Co neighbor atoms in ordered and disordered structures at the same concentration of Co will be most significant at 50% Co (as 0   ), and it becomes smaller and even negligible (as 1   ) for the structures far from 50% Co. Consequently, the difference between the magnetization of ordered and disordered structures is the most significant at 50% and 16 gradually decreases towards the two sides of this concentration. This elucidates the behavior shown experimentally and predicted by calculations, as depicted in Fig. 3 .
SROs for a desired magnetization in bcc Fe-Co
The set of Eqs. (10) and (13) For the latter, we show in Fig. 11 the Fe moments as functions of the SROs In summary, such spectra provide information about the required range of SRO parameters of the alloy at a given concentration, in order to achieve a desired average Fe moment and the global magnetization.
E. An extension of the analytical models for other alloys: the case of bcc Fe-Ni
As both Co and Ni are close neighbors of Fe in the Periodic Also, the magnetization of bcc Fe-Ni alloys increases with increasing Ni content up to a maximum at 10% as shown experimentally. 45 In this section, the approach developed in Sec. III D is adapted for the bcc Fe-Ni systems as an example of its transferability to similar systems.
According to the Fe-Ni phase diagram by Cacciamani et al., 46 the bcc phase of Fe-Ni can be retained up to 7% Ni at about 450 °C. However, due to the hysteresis on heating and cooling through the mixed phase region in such alloys, either bcc or fcc (face-centered cubic) phase can be retained under metastable conditions. 45 The experiment conducted by Crangle and Hallam 45 shows that the bcc phase of Fe-Ni can be obtained with the composition ranges up to around 32% Ni. On the other hand, our DFT calculations showed that the bcc quasi-disordered (SQS) structures containing more than 40% Ni become unstable and spontaneously relax towards the body-centered tetragonal (bct) phase. Therefore, only the disordered structures with a concentration less or equal than 40% Ni are considered in this study. Although no ordered structures were found experimentally, two FM ordered structures, cI16-Fe7Ni and D03-Fe3Ni are also included in the fitting data, to account for the effects of chemical ordering on the magnetic moments.
To describe the dependence of the atomic moments on the local environment in the Fe-Ni systems,
we employ an analytical model similar to Eq. (8). However, to be able to reproduce the maximum magnetization shown by our DFT calculations and the experiment, 45 our magnetic models for Fe and Ni atoms need to be fitted up to the 3 rd neighbor shells and up to a 3 rd order polynomial, which can be generalized from Eq. (8) as:
where Ni is the number of Ni neighbors at the i-th shell of a Fe or Ni atom. Magnetic moments from our DFT calculations and the atomic and SRO-based analytical models for the SQSs and the ordered Fe-Ni structures are presented in Fig. 12 and Fig. 13 , respectively. In Fig. 12 , the experimental data on solid solutions from Crangle and Hallam 45 are also shown.
It is worth mentioning that we neglected the impact of the orbital moments in this case as shown in Ref. 40 , the effect of the orbital moment in Fe-rich Fe-Ni alloys (here below 40% Ni) is as weak as in pure Fe.
First of all, our DFT results are in good agreement with the experimental values, and successfully predict the maximum at about 10% Ni. The local and SRO-based models also reproduce such a feature in disordered alloys, and accurately describe the magnetization of the ordered structures (compared to DFT). It is noted that similar to the case of Fe-Co, the magnetization of ordered structures is also higher than that of disordered structures in Fe-Ni systems.
The average moments of Fe and Ni are shown in Fig. 13(a) and Fig. 13(b) , respectively. Overall, we see that the results from the analytical models (open symbols) present the same behavior as that obtained by DFT (black filled squares), and the models seem to be more accurate for Ni than for Fe moments. Similar to the Fe-Co case, the average magnetic moment of Fe atoms increases with the increase of Ni content (Fig. 4) . On the other side, the average moment of Ni atoms shows an opposite trend. As a result, in Fe-Ni alloys, both the magnetic moments of Fe and Ni atoms are enhanced compared to the values in the respective pure systems.
It is worth mentioning that, due to the reduction of the Ni moments versus Ni content, and the smaller Ni moment magnitudes (equal or less than 0.86 B  ) compared to the constant moment of Co atoms (  1.76 B  ) in Fe-Co, bcc Fe-Ni alloys present smaller magnetizations than bcc Fe-Co as pointed out previously.
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As for Fe-Co, we validate the analytical models for Fe-Ni by considering some additional Fe-Ni structures not included in the fitting database. These structures are partially ordered with SRO parameters larger than those of SQSs. Results obtained for these structures by both DFT and the models are represented in Table S2 in the Supplemental Material, which once again demonstrates the ability of these analytical models to predict magnetic moments in excellent agreement with DFT data.
IV. Conclusion
This study aims at determining the role of chemical ordering/disordering on the magnetic properties of ferromagnetic binary Fe alloys for a broad range of concentrations. We first focused on the case of a strong ferromagnet, the bcc Fe-Co, and then transferred the same methodology to the case of 2nd--3rd 2nd--3rd 
